Abstract The experiment investigates the effect of ball velocity and walking direction on the adherence to the bearing angle (BA) strategy in adults. Adult participants (N=12) approached a moving ball in order to manually intercept it at a predefined target area. Results revealed that during locomotion the BA strategy was implemented, but on reaching the point of interception, this strategy broke down and the BA strategy of the wrist compensated for the movement requirements relative to the ball velocity and approach angle. Larger deviations from the BA occurred when the angle of approach was decreased and when the ball velocity increased. When the BA strategy was adhered to, postural adjustments were reduced. Increased movements occurred in a proximal-distal direction with an increasing approach angle and a faster ball velocity.
Introduction
Interception and object avoidance are complex perceptual-motor responses to external stimuli, in which the movement is shaped to accommodate the future (Montagne et al. 1999) . Everyday activities may involve coupling visual information with a particular action in order to successfully catch a ball, grasp a cup or on a larger scale cross a busy road or walk in a crowd. With respect to information about object position and orientation (Laurent et al. 1994) , optical variables have been formalised and evaluated empirically in the regulation of timing of grasping movements (Caljouw et al. 2004; Peper et al. 1994; Laurent et al. 1996) . It is not clear, however, which of these variables are exploited when the hand and arm are free to move for interception of a moving object and the approaching object follows a spatially defined path.
An attractive candidate optic variable in the task of intercepting a moving object is the bearing angle (BA). The BA has been used by sailors for many years in collision avoidance (Le Brun 2002) . In object interception BA is subtended at the point of observation by the current position of the ball and the direction of displacement (Chardenon et al. 2004) . Recent research in adults suggests that using the head as the angle centre, the angular position of the ball with respect to the interception point remains close to constant (Lenoir et al. 1999 (Lenoir et al. , 2002 . This strategy implies that only one information source is required in order to facilitate interception, and a person may maintain the constant bearing angle (CBA) strategy on approach, in order to intercept at the right time (Lenoir et al. 1999) . Compliance to this strategy, however, has not been fully explored in relation to an actual interceptive action.
Participants adjust to horizontal properties of angular bearing during interception of a moving object along a V-shaped track whilst riding a tricycle (Lenoir et al. 1999 (Lenoir et al. , 2002 . The BA scarcely changed during approach and velocity adaptations were made in order to successfully complete the 'catch'. It was therefore proposed that a regulation is achieved through adherence to the CBA strategy. The present paper aims to analyse the manual interception of an object travelling at a constant velocity along a defined trajectory. It intends to investigate how participants regulate movement, in relation to the ball velocity and angle of approach, in order to intercept at the right time.
Recently, it has been shown that constraining posture or movement during a prehension or interception task significantly affects perceptual-motor organisation (Davids et al. 2000; Steenbergen et al. 1995; Savelsbergh et al. 2005) . For example, seating skilled and novice catchers affects their interceptive actions differently (Savelsbergh et al. 2005) . In previous BA studies, when looking at extrinsic factors in relation to intercepting a moving object, most have neglected active prehensile action during or post self-motion (Chardenon et al. 2004 (Chardenon et al. , 2005 , some also controlling or stabilising the participants, walking velocity using a treadmill. Stabilising walking velocity in such a way may artificially constrain the task and therefore restrict strategy implementation, making it difficult to relate results directly to everyday activities. The present study looks to extend the previous research (Chardenon et al. 2004; Lenoir et al. 1999 Lenoir et al. , 2002 by allowing more strategy implementation by participants. Participants can freely adjust velocity on approach and adjust temporal parameters during the grasp of the object to be intercepted. Only the angle of approach and the interception point are defined. The CBA hypothesis is therefore applied to a real manual interceptive task as opposed to a virtual environment task. As participants are forced to decelerate at the point of interception to prevent collision with the track, in order to intercept successfully it is expected that the CBA strategy will transfer from central (at the head) during locomotion to the distal limb (wrist) in order to grasp.
The present study looks at the role of the CBA strategy in a prehension task, and its effect on coupling prehension with postural adjustments. It is expected that manipulations of walking direction and ball velocity give rise not only to a different response in terms of the CBA strategy, but also to different displacement kinematics (Chardenon et al. 2004; Lenoir et al. 1999 Lenoir et al. , 2002 . In addition, the present paper looks to depict a relationship not only between the BA strategy and the change in ball velocity or a participant's angle of approach, but also between the postural and temporal response in interceptive behaviour. It is anticipated that in accordance with the previous research a larger BA will result in a greater deviation from the CBA strategy (Chardenon et al. 2004; Lenoir et al. 2002) . It is also expected that increasing ball velocity will lead to greater deviation from the CBA strategy (Chardenon et al. 2004) .
When manually intercepting a moving object, the BA of the head and reaching limb will be almost equal on approach. However, when reaching, the hand moves away from the body and adopts a different trajectory. When walking perpendicular to the object to be intercepted, more postural adjustments are possible and the immediate visual field is larger. When walking from a smaller approach angle for example, at a larger BA with the object, large head movements are required to see the ball and the BA strategy is more likely to break down and fewer postural adjustments are possible.
The CBA strategy may explain a participant's response when approaching an object to be intercepted; however the effects of BA information on postural and reaching adjustments involved in manual interception of a ball have not yet been addressed. When approaching an object to be intercepted, it is expected that the participants make postural and reaching adjustments as the ball velocity increases to allow greater range of motion in order to successfully intercept (Verheul et al. 2003) . Based on the previous research it is also hypothesised that the peak velocity of the wrist will increase relative to the increase in ball velocity (Dubrowski and Carnahan 2001) . In the present study, the angle of approach should have no effect in this case as temporal variables are influenced by temporal-spatial information provided by the target to be intercepted.
Methods

Participants
Twelve healthy adults (8 females, 4 males; aged 22.2±1.3 years) participated in this experiment on a voluntary basis. The experiment was approved by the Local Research Ethics Committee and a written informed consent in accordance with the Declaration of Helsinki (1964) was obtained from each participant prior to the experiment. Participants performed the experiment with their preferred hand where the right hand was used in every case. All participants had normal or corrected to normal vision and were not familiar with the hypothesis of the experiment.
Materials
The object to be intercepted was a tennis ball (ø 60 mm) on a small platform, moving along a track (length 3 m, height 0.79 m, interception area 0.2 m) driven by a 12 V motorized conveyor belt. The track was operated through LabView in forward or reverse mode and was capable of producing constant velocity. A light sensor attached at the beginning of the track triggered recording via the motion analysis software OPTOTRAKä (Northern digital Inc., Canada) as the ball passed the sensor. Two OPTOTRAKä camera units (data sampling frequency: 200 Hz) were strategically placed at the beginning of the track (Fig. 1) .
Light emitting diode (LED) markers were placed on the ball and the right wrist (styloid process), elbow (olecranon process), shoulder (external face of the acromion process), hip (most lateral point of the iliac crest) and head (above the right ear on a baseball cap). The two camera units recorded the three-dimensional position co-ordinates of these LED markers.
Two walking lines of 4 m length were marked out along the floor at 90°(perpendicular to the track) and at an angle of 45°with the track. Participants started from the end of the line and were instructed to start walking at the moment the ball started moving and to intercept the ball within the marked area of the track with their preferred hand. Running was not allowed in the task at anytime, but the participants were free to adjust their walking velocity should they require. The ball approached at three different velocities (V B ) 0.45, 0.65, and 0.85 m/s. The velocities remained constant along the movement trajectory. Participants were required to intercept 5 balls in each of the 6 conditions (3 ball velocities · 2 walking directions), making a total of 30 trials. Pilot tests using a random sample of participants (not used in the presented study) established velocities at which all subjects were able to reach the track in time to successfully grasp the ball.
Participants were instructed to intercept the ball within the marked area (20 cm) of the track with their preferred hand. On approach, in order to distinguish the start of reach, participants were asked to cover the hip marker with their hand, releasing only to reach for and intercept the ball when they required. Prior to testing, the experimenter demonstrated the direction of locomotion and explained the goal objective to intercept the ball at the given point. The demonstration did not involve the moving object, to ensure the participants could not simply imitate a strategy performed by the experimenter.
The dependent variables for analysis were categorised into three sections; BA variables, temporal variables and postural involvement in interception.
Bearing angle variables
Constant bearing angle (CBA)
The OPTOTRAK data were used to calculate the bearing angles between (1) the head and the ball and (2) the wrist and the ball in order to determine the strategy used relative to change in walking direction and ball velocity. As participants were instructed to start walking when the ball started to move and the ball had a constant velocity after that, constant BA strategy is defined by sustaining the initial BA throughout the trial. In order to analyse dissimilarity between CBA and the measured BA, the CBA was calculated as the average starting BA from each walking direction. For a walking direction of 90°the BA of the head and wrist was 55°, and for an approach angle of 45°it was 88°.
Bearing angle head and wrist (BA H and BA W )
The actual BA was calculated using the following formulae at each time interval of 0.05 s;
*x = direction of the ball along the track; y = perpendicular to the track and ball.
Deviation from constant bearing angle (dCBA)
From the start of locomotion to grasp the dCBA was calculated using the following two formulae.
Duration of the trials varied with ball velocity, so dCBA H was also analysed by dividing the trajectory into Fig. 1 Experimental design (birds eye view). Schematic representation of the experimental set-up, indicating the two walking directions and the direction of the ball relative to the participant. The set-up included 2 Optotrakä beams, a 12 V motorised conveyor belt creating the track for the ball to travel on at constant velocity and an integrated light sensor to trigger motion capture. a and b indicate the bearing angle quartiles and looking at the deviation that occurred at each comparable point in a trajectory. In the deviation from the CBA, the trajectory was divided into quartiles and the dCBA at 25, 50 and 75% were analysed as the start, and endpoints (0 and 100%) of the movement trajectory were pre-defined by the task conditions (ball movement initiation and grasp).
Temporal aspects of interception
Time to contact (ttc)
The time taken from start of reach to interception (grasp). The start of the reach was determined by appearance of the hip marker. The time of grasp was indicated by the disappearance of the ball marker.
Peak wrist velocity (PV W ) during reach
Calculated as the maximum incremental displacement of the wrist marker during the reach, the peak velocity of the wrist (PV W ) occurred during the reach and was preceded by an acceleration phase (TA) from the start of the reach to PV W . This was followed by a deceleration phase (TD) as the hand moved into closer proximity of the target object and decelerates in order to accomplish precision in interception.
Postural involvement
Data from the LED markers were also used to determine possible postural adjustment strategies employed. Elbow, shoulder and trunk angles at the start and end of the reach phase were calculated, after which the differences between the calculated angles at the start and end of the interceptive action (i.e. at reach initiation and grasp) were determined as an indication of elbow movement, shoulder movement and approximation of trunk movement (see Fig. 2 ).
Data Analysis
Data were collected at 200 Hz and filtered using a second order Butterworth filter with a cut-off frequency of 10 Hz. Data were statistically analysed using repeated measures analysis of variance (3-way ANOVA for deviation in CBA (dCBA): 2 directions · 3 ball velocities · 3 quartiles; 2-way ANOVA: 2 directions · 3 ball velocities for other variables) followed by post-hoc pair wise comparisons with Bonferroni corrections (significance level a=0.05). When using repeated measures ANOVA, violation of Mauchley's sphericity assumption was accounted for, using the Greenhouse-Geisser correction if required to avoid a type one error and make the test more conservative, but no significances were recorded.
Results
Bearing angle strategy
Deviation of BA H from the constant bearing angle (dCBA H )
The BA H displayed a relatively horizontal trajectory, deviating in accordance to walking direction and ball velocity as the target was in closer proximity (Fig. 3a, b) . A significant effect of ball velocity on dCBA H [F(2,18)=5.97; P<0.01] was found. Post-hoc pair wise comparisons revealed that dCBA H was significantly different for the lowest than for the highest velocity (P<0.01). A further significant effect of direction on dCBA H [F (1,9)=42.26; P<0.001] indicated that the deviation from CBA is significantly larger in the 45°w alking condition (Fig. 3b) . This was the case especially at 75% of the approach, as indicated by the significant interaction between walking direction and quartile [F(2,18)=5.23; P<0.05]. There were no other significant interactions.
Bearing Angle Wrist (BA W )
On examination of the BA strategy of the wrist on grasping; where dCBA H increased, dCBA W decreased and vice versa (Fig. 3c, d) . Results for dCBA W indicated significant effects of direction [F(1,9)=8.57;P<0.05] and ball velocity [F(2,18)=6.426; P<0.01]. Post-hoc analysis indicated a significant difference between the slower 0.45 m/s ball and the two faster balls (P<0.05), confirming the hypothesis that an increase in ball velocity led to increasing deviation from the CBA strategy.
Velocity and timing of interception
Time to Contact (TTC)
The time taken from reach to grasp decreased significantly as ball velocity increased [ Table 1 ; F(2,18)=8.04; P<0.01]. Post-hoc pair wise comparisons revealed a significant difference between ball velocities 0.45 and 0.85 m/s. No significant effect of direction was found and no interaction between direction and ball velocity was found for TTC.
Peak Velocity (PV W )
Ball velocity had a highly significant effect on PV W [F(2,18)=185.17; P<0.001]. Increasing ball velocity led to increasing peak velocity of the wrist (Table 1) . Posthoc tests indicated that all differences between ball velocities were highly significant (all P<0.001). No significant effect was found for direction and no significant interactions were revealed.
Acceleration and Deceleration time (TA and TD)
Results indicated no significant effects of ball velocity or direction of travel (Table 1 ) on acceleration and deceleration time of the wrist. No significant interactions were present.
Postural Involvement
Postural involvement during interceptive action could explain the strategy used by participants in accordance to defined task constraints such as ball velocity and the direction of approach.
Elbow movement (E M )
Elbow movement increased significantly with increasing ball velocity [F(2,18)=3.63; P<0.05]. Post-hoc comparisons however showed no significant differences. The effect of direction clearly indicated a significant outcome [F(1,9)=8.18; P<0.05]. When walking from 90°, participants adopted an elbow extension strategy from reach to interception for increase in ball velocity, whereas when walking from 45°, elbow angle was reduced significantly from reach initiation to interception (Table 1) . No interactions were denoted through statistical analysis.
Shoulder movement(S M )
Participants displayed increasing shoulder movement for increasing ball velocity [ Table 1 ; F(2,18)=13.15; P<0.001]. Significant differences with the fastest ball (i.e. between 0.85 and 0.45 m/s, and between 0.85 and 0.65 m/s) were visible through post-hoc pair wise comparisons (both P<0.05). This suggests shoulder movement (S M ) was recruited significantly more when 
Trunk movement (T M )
Trunk movement increased as ball velocity increased and when walking from 90°compared to walking from 45° (Table 1 ). Statistical analysis indicated that both direction [F(1,9)=9.38; P<0.05] and ball velocity [F(2,18)=8.39; P<0.01] had a significant effect on trunk movement, though there was no significant interaction between the two. Post hoc tests indicate significant differences (P<0.05) in trunk movement between the slow ball and the two faster balls, indicating that participants clearly distinguish between intercepting the slowest ball compared to the two faster balls.
Total Movement
The total movement was defined as the combined movement of the elbow, shoulder and trunk, i.e. a simple addition of the above mentioned movement ranges, so as to combine the movement in the skeletal system as a whole. This technique was used in order to establish the extent to which joints are held more rigidly during interception. Joint rigidity was indicated by a lower value for total movement and freeing of postural involvement was indicated through more postural adjustments.
The effect of walking direction was clearly visible through looking at the total movement in either direction for increasing ball velocity (Table 1) . This indicated that more postural adjustments were made with increasing ball velocity for the larger angle of approach.
Statistical analysis indicated a significant effect of ball velocity [F (2,18)=18.14; P<0.001]. Post-hoc pair wise comparison indicated significant differences between the three ball velocities (P<0.05). A significant effect of walking direction [F (1,9)=9.64;P<0.05] on total postural involvement was also noted.
Discussion
The primary theoretical framework of this study focused on postural and timing adjustments made when applying the CBA strategy to a real interceptive task, whilst manipulating ball velocity and participant walking direction.
In summary, it may be drawn from this experiment that in an interceptive task, when approaching from an angle, individuals complied with the BA strategy up until the point of interception, at which point the bearing angle of the wrist essentially took over. A larger approach angle coincided with greater deviation of the head from the CBA at interception, but a lower deviation from the CBA strategy for the wrist. A smaller angle of approach caused greater compliance to the CBA strategy during locomotion but greater deviation on interception.
In concordance with current theory (Steenbergen et al. 1995) , it seemed that the smaller angle of approach does lead to greater deviation from CBA strategy. The extent of the deviation could also be dependent on ball velocity. There was a significant difference between the slowest and fastest ball velocity. Though previous literature has addressed the degree of CBA compliance during the approach phase in interceptive actions, the strategy employed during the actual interceptive action has not been clearly established. For this reason the BA strategy of the wrist was analysed. 500 (133) 459 (81) 439 (88) 525 (121) 426 (75) 404 (116) Acceleration time (TA) 127 (109) 35 (200) 41 (255) 86 (431) À38 (376) 118 (148) Deceleration time (TD) 373 (106) 424 (201) 398 (216) 439 (509) 464 (347) 286 (150) (units = ms) Peak wrist velocity (PV W ) 1390 (147) 1870 (264) 2400 (251) 1260 (256) 1770 (233) 2280 (246) Bearing Angle
The experiment proposed to extend previous research (Chardenon et al. 2004; Lenoir et al. 1999 Lenoir et al. , 2002 by analysing the effects of manual interception of a real target following locomotion rather than use of a treadmill, tricycle or restricting analysis to the head. Results indicated a clear difference in BA strategy used by participants walking from the two prescribed directions that may be explained by the visual information being received. Although this has not been experimentally verified, it could be that walking perpendicular to the moving object, participants used their peripheral vision to keep the target in sight at all times. It may be suggested that head movements, in order to maximize spatial and temporal precision in grasping at the given interception point may be largely unnecessary, which preserves energy (Vereijken et al. 1992) . The deviation from CBA, for increase in ball velocity shown for the 90°c ondition may indicate a profound relationship in strategy implementation, in that a decision could be instantly formed and adhered to, relative to visual information. Walking from 45°, various hand trajectories may be implemented in order to successfully intercept at the right time and place. This may not be entirely based on the visual information provided by the target displacement rate, however, as the ball velocity and direction of approach have no significant interaction with the dCBA H quartile. It was hypothesised that the CBA strategy broke down or essentially transferred to the wrist on reach initiation; accounting for the larger deviation at interception, previously documented (Lenoir et al. 1999 (Lenoir et al. , 2002 Steenbergen et al. 1995) . The results of this experiment suggest that in comparison to the dCBA H , the deviation of the wrist had a somewhat opposing effect, in that a larger approach angle led to the deviation of the wrist to be lower during grasping. This suggests a combined BA strategy in both head and wrist shown through the calculated difference in dCBA (Fig. 3d) . between the CBA and the actual bearing angle of the wrist from start of locomotion to grasp of target ball. The position of the wrist was partly controlled, in that participants were instructed to keep the hand on the marker until they needed to reach for the target. As the hand is free to move through any path during the reaching phase of the movement, variability of the bearing angle of the wrist may decipher the interception strategy. d Difference between dCBA H and dCBA W for each walking direction and ball velocity at each percentile of the trial, indicating relative adherence to the bearing angle strategy up until 75% of the trial This indicated that when BA H adhered more to the CBA strategy, dCBA W increased relative to ball velocity and vice versa.
Temporal aspects of interception
In accordance with previous literature (Verheul et al. 2003; Dubrowski and Carnahan 2001) wrist velocity appeared to be coupled to ball velocity in that a higher wrist velocity was used for faster balls in order to successfully intercept. Reaching time decreased with increasing ball velocity, supporting the CBA strategy implementation suggested earlier. Individuals used the visual information provided by optical displacement of the ball along the trajectory. Participants visually distinguished the ball speeds and adjusted timing of interception accordingly; the direction of walk had no effect.
Postural involvement in interceptive action
The results for trunk movement suggest that trunk flexion was the first adjustment made during interceptive behaviour in each trial. Since out of the three (elbow, shoulder and trunk), the trunk has by far the largest mass, it defines postural stability; its low range of motion making overall movement more energy efficient. This is due to the related stability defined by skeletal structure of the spine. As the trunk has limited range of motion, it could be controlled easily in order to provide energy efficiency and control. The extent of trunk movement is defined by the velocity of the ball, increasing relative to increase in ball velocity, displacing the centre of mass in order reduce the amount of work involved in bringing the hand in close proximity to the ball (time to contact).
In synchronisation with trunk movement, shoulder and elbow movement also increased with increasing ball velocity, indicating freeing of movement (Vereijken et al. 1992) in the reaching limb as the velocity of the target object increases. It remains probable that this energy efficient strategy (Sparrow and Irizarry-Lopez 1987) could be seen to increase the success in task outcome, as the range of possible movement trajectories of the arm increased. Results suggest increase in elbow, trunk and shoulder movement relative to ball velocity; their extent of involvement appears to adhere to a proximal-distal control strategy. The strategy indicates that control is achieved by first freezing movement closest to the centre of mass and freeing those more distal, in order to control movement stability.
As there was no combined effect of direction of approach and ball velocity on the BA strategy employed, it may be suggested in line with previous literature that indeed on approach, individuals require only one information source in order to intercept successfully (Lenoir et al. 1999 ). This source of information is indicated by the degree of compliance to the BA strategy. Though this is not entirely verified experimentally, where immediate visual information is reduced, when approaching from a smaller angle, the CBA strategy is adhered to, to a larger extent up until the point of interception or reach initiation. It is this point where the BA of the wrist takes over in order to complete the interception successfully compensating by deviating more from the CBA strategy.
The emergence of this proposed strategy suggests an immediate link with postural involvement in movement, in that the direction of approach dictates the degree of postural adjustments involved in interception. When the individuals adhered more to the CBA strategy on approach, the postural adjustments involved in interception were reduced. This indicates an effect of visual information provided through direction of locomotion, where greater use of peripheral visual information essentially allows for more postural involvement and freeing of movement synchronisations during interception.
With respect to the regulation of the CBA strategy, the distinct difference in response to slow and fast balls may govern locomotion and the combined hand and ball involvement during interception. The tight coupling of perception and action facilitates such a behavioural response, as adults are able to predict the success of using a particular strategy against another. As ball velocity increased, there was more postural involvement and less restriction to the number of trajectories the hand could take when homing in on the target object. The information provided by the change in ball velocity (i.e. through looming angle) could act as the perceptual key to producing effective interception, in that its greatest effects occurred on the timing of the actual interception and postural involvement.
